Changes in thoracic electrical bioimpedance during the cardiac cycle are utilised by the BoMed NCCOM3 monitor to measure cardiac output (COTEs)' The technique provides a continuous noninvasive measurement but it has not been widely accepted. To determine the accuracy of the monitor, we compared its measurement with cardiac output measured by dye dilution (CODnJ during induced hypotension and recovery in 23 dogs. After calibration of the NCCOM3 monitor during a resting state in each dog [mean blood pressure 112 ± 17 (SD), mean CODD 3.22 ± 0.99I1minj, the mean difference (COTEIrCODnJ between paired measurements at the nadir of hypotension (blood pressure 55 ± 24 mmHg) was 0.29 ± 0.47 IImin whose limits of agreement (mean difference ± 2 SD) were + 111.8% and -59.1% of the mean hypotensive CODD (l.1O ± 0.66I1min). Upon recovery from hypotension (mean blood pressue 102 ± 20 mmHg), the mean difference between paired measurements was -0.28 ± 0.66 IImin, whose limits of agreement were + 44.1% and -67.8% of the mean CO DD (2.36 ± 1.01 IImin). The mean difference between the two techniques is too variable and excessive to permit substitution of one technique for the other. These results do not support the accuracy and reliability of the BoMed NCCOM3 cardiac output monitor.
A continuous noninvasive technique for cardiac output measurement may improve cardiovascular management of patients undergoing anaesthesia or treatment in the intensive care unit. One such technique uses the measurement of thoracic electrical bioimpedance (TEB) in which the thorax is regarded as a volume conductor of electricity whose impedance (resistance) is altered by blood volume and velocity. With this technique, a constant low-amplitude, high-frequency alternating current is applied to the root of the neck and the lower thorax by electrodes. Additional sensing electrodes detect voltage changes which occur when pulsatile blood flow alters the impedance. Changes in impedance can be related to stroke volume which, with the heart rate, yields the cardiac output.
The method of cardiac output measurement was developed from the observation in dogs that changes in the impedance of the chest during the cardiac pump cycle are directly proportional to the changes in peak aortic blood flow. 1 However, the constants in an equation which relates these observations are less tangible, including the estimation of the volume of electrically participating tissue in the thorax in humans. The equation has been modified several times.
The BoMed NCCOM3 cardiac output monitor has become the focus of renewed interest with the adoption of a new algorithm 2 which assumes that the volume of electrically participating tissue in the human chest is a truncated cone in which the long axis (thoracic length, 'L') is a constant fraction (0.17) of the body height. The stroke volume (SV) is derived from the Bernstein-modified Sramek equation:
in which 6 = ideal weight correction factor, H = height (centimetres), T LVE = left ventricular ejection time (seconds), Zo = steady state mean basal impedance (ohms) and (dZ/dt)max = maximum rate of impedance change. The operator merely enters into the keyboard a thoracic length value 'L' which is read from a nomogram of weight and height.
Before relying on this new technique and substituting it for other techniques, it should be demonstrated that it is accurate in a variety of conditions, including that of hypotension. The aim of this study was to determine the accuracy of the BoMed NCCOM3 cardiac output monitor during induced hypotension.
MATERIALS AND METHODS
Cardiac output was studied in 23 dogs. General anaesthesia was induced by peripheral intravenous infusion of thiopentone (8-20 mg/kg) and maintained with a mixture of halothane, oxygen and air delivered by endotracheal intubation and a mechanical volume ventilator (CF Palmer, London). Minute ventilation was set to yield an end-tidal CO 2 of 4.5-5.5%.
Cardiac output was measured with a dye dilution technique (CODD) using indocyanine green and a COR-IOOA cardiac output recorder (Waters Instruments, Minnesota, USA). Injections of dye were made into the right atrium via a catheter inserted into a femoral vein and blood was sampled from a catheter in a femoral artery. Intra-arterial blood pressure was measured in the abdominal aorta via a catheter inserted via the contralateral femoral artery and was displayed on an Electronicsfor-Medicine monitor and recorded with a Curken Paper Recorder (Oanbury, Connecticut, USA). Thoracic electrical bioimpedance cardiac output (CO TEB ) was measured with a NCCOM3-R6 monitor (BoMed Medical Manufacturing Ltd, Irvine, California, USA). Needle electrodes were positioned according to the method described for dogs 3 in which the neck voltage sensing electrodes were located bilaterally at the base of the neck and the lower thorax bilaterally at the level of the xiphoid. The current injecting electrodes were located 5 cm cephalad of the neck sensing electrodes and 5 cm caudad of the thoracic sensing electrodes.
In each dog, the resting CO TEB was calibrated to the CODD' Three successive measurements of CO DD at end-expiration were made and averaged. The thoracic length value L was entered into the NCCOM3 monitor and altered to yield a value as close as possible to the average CO DD cardiac output. All subsequent measurements in each dog were made in triplicate and averaged.
Hypotension was induced by the peripheral intravenous infusion over two minutes of whole venom or of a purified component from the Australian Brown Snake (genus Pseudonaja) species. The hypotension caused by these substances within minutes of injection with subsequent recovery over the ensuing hour has been reported in the journal.4-7 The studies were approved by the Hospital Ethics Committee. Paired triplicate measurements of COTEB and CODD were recorded at 5 to 15 minutes (nadir of hypotension) and at 30 to 50 minutes (recovery of normotension) after infusion of venom. Mean blood pressure was also recorded at these specified times.
COTEB measurements made after infusion of venom were corrected to offset the difference from CODD observed in the resting state before injection of venom, i.e. CO TEB (adjusted)
The differences between paired measurements of cardiac output were analysed for statistical significance using Student's t test and analysed for agreement according to the method of Bland and Altman. 8 IImin. The mean difference (COTEB -CODD) between the resting values was 0.027 ± 0.026 IImin. The mean resting blood pressure was 112 ± 17 mmHg. At the nadir of hypotension (mean blood pressure 55 ± 24 mmHg), the mean CODD was 1.10 ± 0.66 IImin and the mean COTEB (adjusted) was 1.39 ± 0.57 l/min. Ouring the phase of recovery when the mean blood pressure was 102 ± 20 mmHg, the mean CODD was 2.36 ± 1.01 IImin and the adjusted mean CO TEB (adjusted) was 2.08 ± O.92I/min. These results are presented in Table 1 .
RESULTS
The differences between paired measurements of cardiac output during hypotension and recovery are illustrated in Figures 1 and 2 . At the nadir of hypotension, a substantial difference between the two techniques became evident. The mean difference, 0.29 ± 0.47 lImin, between the two techniques (adjusted COTEB-CODD) was significant (P = 0.006) with 95% confidence limits 0.50 and 0.0911min. The limits of agreement (mean difference ± 2 SD) were + 1.23 and -0.65 l/min Z Q r 2.0 1.5 which were respectively + 111.8% and -59.1 % of the mean CO DD during hypotension.
The differences between the two techniques persisted during the recovery from hypotension. The mean difference (adjusted CO TEB -CO DD was -0.28 ± 0.66 lImin with 95% confidence limits of -0.57 and 0.001 l/min. The difference was not statistically significant (P = 0.052). The limits of agreement (mean difference ± 2 SD) were + 1.04 and -1.60 l/min which were respectively +"44.1% and -67.8% of the recovering CO DD .
The difference between the two techniques was so variable and excessive that subtraction or addition of the mean difference would not permit substitution of one technique for the other in a clinical setting. Moreover, the magnitude of the difference was more significant at low flow and hypotension.
DISCUSSION
The measurement of cardiac output by thoracic elec.trical bioimpedance, if accurate, has a number of lllherent advantages compared with existing techniques. It is continuous, easily learnt and noninvasive. However, the technique must be demonstrated to be accurate and reliable in a variety of patients and circumstances. At present the technique is not widely accepted for routin~ clinical management. Some of the lack of confidence in the technique may be attributed to the methods of statistical analysis of data in studies comparing the technique to accepted gold standards while some may be attributed to the theoretical basis of the technique itself.
Numerous comparative studies have utilised linear regression analysis and, in demonstrating closely related values by the two techniques, have concluded that one technique may be substituted for the other. This is not the case. Bland and Altman 8 have recommended that when two techniques which purport to measure the same p~rameter are compared, it is better to analyse the dIfferences between the two techniques rather than their association (correlation). It would indeed be surprising !f th~ two te~hniques were not closely related. It IS qUIte possIble for two techniques to h~ve near perfect correlation and yet be widely dIsparate. Accuracy of a new technique is better assessed by analysing the difference from an accepted gold standard and obtaining some measure of agreement or disagreement. An inspection of the mean difference between two techniques is helpful but not conclusive.The variability of the mean difference must be taken into consideration. If the differences can be shown to be normal~y distributed around a mean, then the mean ± tWIce its standard deviation (SD) would b~ expected to represent 95% of the range of dIfferences. The mean difference ± 2SD is referred to as the 'limits of agreement' between the two techniques. The percentage fraction that the limits of agreement are of the mean reference measurements affords some appreciation of possible error if one technique of measurement is compared to another.
A second problem in statistical analysis of data from comparative studies has frequently been the use of repeated measurements from a single subject as individual values rather than the average value from each subject. This practice makes no allowance for the variation in measurement in one subject as distinct from variation between subjects. Spurious conclusions may thereby be reached.
Several other investigators have analysed the performance of the BoMed NCCOM3 cardiac output monitor in animals under similar conditions as in this study. Their findings are similar but our conclusions are different. Spinale et al. 3 compared bioimpedance and thermodilution cardiac output in dogs during calcium chloride infusion. The performance of the NCCOM3 monitor was calibrated to thermodilution cardiac output by six measurements in one dog. They used linea~ regression ~nalysis to study their data. They obtallled a satIsfactory correlation with a correlation coefficient (r) of 0.91 and concluded that the two techniques were 'comparable' but not at low cardiac output. However, their regression equation (CO TD = 0.78 CO TEB + 0.6311min) and inspection of their scattergram suggest that the two techniques are not in good agreement, although this was not analysed. In any case, the use of regression analysis in this setting is inconclusive. This problem in statistical analysis was subsequently addressed by another similar study by the same investigators 9 in which pigs were infused with isoprenaline and also underwent preload reduction to c~eate high and low cardiac output states. CardIac output was measured by thoracic electrical bioimpedance and compared to thermodilution b~t. in contrast to the previous study, the blOImpedance technique was not calibrated initially to thermodilution. Again, the two techniq~es ~e~e found to be well correlated (r = 0.92) WIth SImIlar mean values, and on this basis, concluded that the two techniques were in close agreement. However, the mean difference between paired measl!rements (COTEB -COTD, -0.02 ± 0.37 lImlll) had considerable variation. The limits of agreement were -0.76 and + 0.7111min which were -29% and + 28% of the mean thermodilution cardiac output (2.58 lImin) which are too large and variable to justify the conclusion that the two techniques agree. The differences between the two techniques were most noticeable at low-and high-output states over a range of 0.7 to 4.1 lImin. . This study.in dogs demonstrated that during lllduced tranSIent hypotension, values of cardiac output measured by TEB differed significantly f~om those obtained by dye dilution. Moreover, the dIfference between the two techniques did not diminish as blood pressure normalised even though the CO TEB had been calibrated to resting CODD' This latter observation also casts doubt on the reliability of the bioimpedance technique.
A comparative study in humans which was free of the problems of data analysis was that by Northridge et al. 1D among adults within 24 hours of acute myocardial infarction. The resting mean bioimpedance cardiac output was 3. 791/min which did not differ significantly from thermodilution cardiac output at 3.951/min. However, the limits of agreement were -1.43 to + l.lll/min which were -36% to + 28% of the mean thermodilution cardiac output. Moreover, in three patients, the bioimpedance measurement differed from thermodilution by more than 1.0 I/min. A study by W ong et al. 11 compared thermodilution and BoMed NCCOM3 bioimpedance cardiac output in ventilated and non-ventilated adults with a variety of illnesses. The data was analysed for both correlation and agreement. Overall, the correlation between the two techniques was poor with a correlation coefficient (r) of 0.61. The mean difference between the two techniques (bioimpedance-thermodilution) was -0.67 ± The thoracic length constant thereby chosen equated to the measured thoracic length multiplied by a factor of 1.25. It should be noted, however, that subsequent cardiac output determinations were also in a resting state, i.e. no significant alterations in cardiac output were reported. Moreover, the subsequent mean difference between the two techniques, after calibration of the NCCOM3, was 0.01 ± 0.365 lImin. The limits of agreement were thus + 0.74 Ilmin and -0.72 I/min. The mean thermodilution cardiac output was not given but the range was 0.8-5.0 lImin with 31 of the 59 measurements below 2 lImin. The correlation between the two techniques at a cardiac output of < 2 Ilmin was poor with a correlation coefficient of 0.44. Thus the reliability of the bioimpedance technique, after adjustment for accuracy, was not demonstrated. In another study in children, O'Connell et al. 15 also demonstrated that agreement between the NCCOM3 monitor and dye dilution cardiac output could be improved. They utilised a thoracic length value derived from actual measurements of anatomical thoracic length and circumference. The mean difference between the two techniques using the manufacturer's weight-based thoracic length was 0.69 llmin with 95% confidence limits 2.34 to -0.96 llmin whereas using anatomical measurements, the mean difference was 0.35 Ilmin with 95% confidence limits 2.50 llmin and -0.80 lImin.
The results of this study do not suggest that the NCCOM3 monitor is sufficiently accurate or reliable during transient induced hypotension and recovery in dogs. Further comparative studies in adults and children with appropriate statistical analyses are indicated to establish accuracy and reliability.
